Apolzan JW, Bray GA, Smith SR, de Jonge L, Rood J, Han H, Redman LM, Martin CK. Effects of weight gain induced by controlled overfeeding on physical activity. Am J Physiol Endocrinol Metab 307: E1030 -E1037, 2014. First published October 7, 2014 doi:10.1152/ajpendo.00386.2014.-It is unclear whether physical activity changes following long-term overfeeding and in response to different dietary protein intakes. Twenty-five (16 males, 9 females) healthy adults (18 -35 yr) with BMI ranging from 19 to 30 kg/m 2 enrolled in this inpatient study. In a parallel group design, participants were fed 140% of energy needs, with 5, 15, or 25% of energy from protein, for 56 days. Participants wore an RT3 accelerometer for at least 59 days throughout baseline and during overfeeding and completed 24-h whole room metabolic chamber assessments at baseline and on days 1, 14, and 56 of overfeeding and on day 57, when the baseline energy intake was consumed, to measure percent of time active and spontaneous physical activity (SPA; kcal/day). Changes in activity were also assessed by doubly labeled water (DLW). From accelerometry, vector magnitude (VM), a weight-independent measure of activity, and activity energy expenditure (AEE) increased with weight gain during overfeeding. AEE remained increased after adjusting for changes in body composition. Activity-related energy expenditure (AREE) from DLW and percent activity and SPA in the metabolic chamber increased with overfeeding, but SPA was no longer significant after adjusting for change in body composition. Change in VM and AEE were positively correlated with weight gain; however, change in activity was not affected by protein intake. Overfeeding produces an increase in physical activity and in energy expended in physical activity after adjusting for changes in body composition, suggesting that increased activity in response to weight gain might be one mechanism to support adaptive thermogenesis. obesity; spontaneous physical activity; energy expenditure; doubly labeled water; metabolic chamber ENERGY IMBALANCE OCCURS WHEN ENERGY INTAKE does not equate to energy expenditure. Much is known about the effects of weight loss on energy expenditure, but little is known about the effects of overfeeding on activity-related energy expenditure (AREE). It is thought that when body weight increases, energy expenditure is increased as a potential mechanism to dissipate a portion of the excess energy consumed. This hypothesized increase in energy expenditure above what is expected on the basis of weight gain is described as adaptive thermogenesis (34). Several mechanisms, including increased spontaneous physical activity (SPA) and increased sympathetic outflow of the nervous system, are believed to support adaptive thermogenesis in response to overfeeding. In our recent overfeeding study, Bray et al. (5) observed adaptive thermogenesis in individuals consuming the high-and normal-protein diets (25 and 15% of energy from protein, respectively) but not individuals consuming a low-protein diet (5% energy from protein).
ENERGY IMBALANCE OCCURS WHEN ENERGY INTAKE does not equate to energy expenditure. Much is known about the effects of weight loss on energy expenditure, but little is known about the effects of overfeeding on activity-related energy expenditure (AREE). It is thought that when body weight increases, energy expenditure is increased as a potential mechanism to dissipate a portion of the excess energy consumed. This hypothesized increase in energy expenditure above what is expected on the basis of weight gain is described as adaptive thermogenesis (34) . Several mechanisms, including increased spontaneous physical activity (SPA) and increased sympathetic outflow of the nervous system, are believed to support adaptive thermogenesis in response to overfeeding. In our recent overfeeding study, Bray et al. (5) observed adaptive thermogenesis in individuals consuming the high-and normal-protein diets (25 and 15% of energy from protein, respectively) but not individuals consuming a low-protein diet (5% energy from protein).
This followup analysis explores the role of changes in physical activity and activity energy expenditure (AEE) as potential mechanisms for adaptive thermogenesis in response to overfeeding.
Animal and human studies suggest an inverse and dose dependent response between physical activity and body weight (10 -14, 31) . Findings with respect to overfeeding and physical activity however, are less clear with reports suggesting that physical activity is increased (14) , decreased (19) or maintained (7, 24) . These discrepant observations could be explained by differences in diet composition which is a plausible explanation since diets varying in protein and fat can have profound effects on many components of daily energy expenditure (5, 15, 18) . Changes in physical activity during the overfeeding of different diets remains largely unknown and has not been tested in a randomized controlled trial.
The aim of this study was to examine, for what is thought to be the first time, the daily changes in activity during overfeeding with diets that differed in dietary protein as an attempt to understand the potential role of physical activity on adaptive thermogenesis in response to overfeeding in healthy subjects. Since we previously observed differences in adaptive thermogenesis between the low-protein (5%) diet group and the normal-(15%) and high-protein (25%) groups (5), we hypothesized that changes in physical activity would also differ among the dietary protein treatment groups, with the lowprotein diet having smaller increases in physical activity than the normal-and high-protein diet groups.
METHODS
This study was conducted according to the guidelines of the Declaration of Helsinki. All participants were given verbal and written explanations about the study and provided signed informed consent, and they received a monetary stipend. The study was approved by the Pennington Biomedical Research Center Institutional Review Board. The clinical trials registration number is NCT 00565149.
Experimental design. Twenty-five weight-stable volunteers (males, n ϭ 16; females, n ϭ 9) with a BMI of 19 -30 kg/m 2 were recruited from the greater Baton Rouge, LA, area from advertisements. The study has been described previously (5) . Briefly, this was a randomized, controlled, parallel arm trial that involved housing participants on an inpatient unit, with all meals provided by the metabolic kitchen during the baseline weight stabilization period (2-4 wk) and throughout 8 wk of overfeeding. Participants were enrolled from June 2005 through October 2007 on a rolling basis and not in cohorts. The study had three diet groups differentiated by protein composition: lowprotein diet (5% of energy from protein), normal-protein diet (15% protein), and high-protein diet (25% of energy from protein). All diets provided ϳ41% carbohydrates. Participants were overfed 40% above the individual baseline energy requirement (ϳ954 kcal/day).
Participants resided on the inpatient unit for the entire study (except for when certain procedures required temporary discharge or when they were given passes for a short duration, where the participant left the inpatient unit). Participants consumed all meals at the Center at designated times and while supervised by study dieticians. Lights out was designated as the time between 2300 and 0700 daily. Participants remained confined to the inpatient unit, and therefore, activity can be defined as extremely sedentary. No calisthenics or exercise were permitted during the study.
Vector magnitude and activity energy expenditure. The RT3 accelerometer (Stayhealthy, Monrovia, CA) was worn at the waist during baseline (21, 26) and for the duration of the overfeeding study, except during certain procedures [dual-energy X-ray absorptiometry (DEXA), computed tomography, clamp etc.] and in infrequent cases when a participant was provided with a pass to leave the inpatient unit. Days on which the participant left the inpatient unit were excluded from the accelerometry data analysis. The device quantifies motion in three orthogonal planes [vertical (V), anterior-posterior (AP), and mediallateral (ML)], which is called vector magnitude (VM) and is independent of body weight. Thus VM is a composite of activity counts from these three planes of motion. The equation is VM ϭ square root (V 2 ϩ AP 2 ϩ ML 2 ). All parameters were entered at baseline, and body weight was updated if there was a change of Ն0.5 kg compared with the previously used body weight. The RT3 calculates nonmoving energy expenditure from a proprietary equation on the basis of height, weight, age, sex, and VM.
Percent activity and SPA. Participants also spent 24 h in a whole room metabolic chamber on five separate occasions. These were performed at baseline while on a weight maintenance diet, on days 1, 14, and 56 of overfeeding, and on the next day (day 57), when participants consumed their baseline energy intake. Volunteers entered the metabolic chamber prior to breakfast at ϳ8 AM and stayed in the chamber until ϳ7:30 AM the following morning. Radar motion detectors (model D9/50; Microwave Sensors, Ann Arbor, MI) continuously monitored the subject's movement. Oxygen and carbon dioxide levels in the chambers were measured using a Magnos 4G magneto-pneumatic oxygen analyzer (Magnos 4G; Hartmann and Braun, Frankfurt, Germany) and an infrared CO2 analyzer (Uras 3G; Hartmann and Braun), both of which sample O2 and CO2 concentrations 60 times/s. Calculations of O2 consumption and CO2 production were done from 10-s averaging and plots of the average values at 15-min intervals. Energy expenditure data are calculated from O2 consumption, CO2 production, and 24 h urinary nitrogen excretion (16) .
The two measurements of physical activity were quantified from the metabolic chamber, i.e., percent activity or the percent of time that the participant was active throughout the 24-h period and SPA, defined as the energy expended in spontaneous activities (kcal/day). Both variables were computed using previously described methods (16, 22) . Briefly, the motion detectors estimated the amount of activity. Two radar motion detectors (model D9/50; Microwave Sensors, Ann Arbor, MI) mounted in the chamber monitored SPA. Both units, placed at the two ends of the respiratory chamber, continuously emitted a signal (two separate wave lengths) that was reflected by the walls. When these signals hit a moving object or body, the frequency of the signal was changed (Doppler effect) and measured by a transceiver. The sensitivity of the system was set to detect any movement greater than chest movement in breathing. The measured SPA was irrespective of work intensity. The radar method, furthermore, did not interfere with the volunteer's behavior. It was also found to be more reliable and also better correlated to energy expenditure than the wrist motion sensor (29) . The output of both radars was analyzed by our data acquisition system and averaged over 15-min periods.
A participant may be active for 15% of the time spent in the metabolic chamber. This would represent 1,440 min/day ϫ 0.15 ϭ 216 min of activity in that chamber stay. The amount of energy required from activity was calculated by plotting the energy expenditure data on the y-axis against the percent activity on the x-axis, and the slope is determined to calculate the energy requirements of activity of the 24-h chamber stay.
Activity-related energy expenditure. Participants were dosed with doubly labeled water (DLW) at baseline and during week 7 for a 9-day DLW study. Total daily energy expenditure (TDEE) was calculated as described previously (6, 28) . The TDEE results were described previously (5), and here we calculated AREE as TDEE Ϫ {[sleeping metabolic rate] ϩ [thermic effect of food (TEF) from day 1 of metabolic chamber stay]}. These calculations are similar to what was described previously (23) but incorporate the thermic effect of food to better account for changes with overfeeding. The metabolic chamber TEF calculation is {[resting metabolic rate intercept] Ϫ [(sleeping metabolic rate/1,440)/EI] ϫ (15 ϫ 60) ϫ 100}.
Body composition. DEXA (Hologics QDR 4500A whole body scanner) was performed at baseline and at weeks 2, 4, 6, 7, and 8, as described previously (5) . These data were used to adjust measurements of activity energy expenditure for change in body composition (fat and fat-free mass).
Peak oxygen consumption. Aerobic fitness was tested during baseline by measuring peak oxygen consumption (V O2 peak) during treadmill exercise testing that had 1-min stages and an increase in speed and grade until exhaustion. No post-study test was performed. At least two out of three criteria needed to be met for the peak oxygen consumption test: 1) plateau in V O2, 2) respiratory exchange ratio Ͼ1.05, and 3) heart rate within Ϯ10 beats/min of maximal heart rate.
Statistical analysis. Data were distributed normally and thus did not require transformation or nonparametric statistical methods. Data were reported means Ϯ SE. Subject characteristics used a one-way analysis of variance, and differences between groups were compared using the Tukey-Kramer method. Accelerometry data were averaged for each study week. A mixed-model analysis of variance with repeated measurements was used to test whether activity changed during overfeeding and whether changes in activity differed by diet, time, and diet by time interaction, with time being the repeated factor. For each variable, the baseline data were included as a covariate in the model. Sex, race, and age were tested as potential covariates. Terms with P Ͼ 0.25 were dropped for the final model unless they were treatment, time, and their interaction. Planned a priori comparisons were conducted to determine whether the change in activity differed between the dietary treatments and throughout overfeeding as well as a priori least squares means for change from baseline for dietary treatment and time.
The following procedures were used to determine whether activity changed during overfeeding after adjusting for change in body composition. Activity parameters that were expressed in kilocalories per 24 h (i.e., AEE, SPA, and AREE) were regressed against fat-free mass and fat mass from DEXA at baseline. These linear regression equations were then used to calculate expected values of AEE, SPA, and AREE at followup time points based on measured fat-free mass and fat mass at those time points. The observed values of AEE, SPA, and AREE were then subtracted from the expected values, and these values were analyzed to determine whether activity increased or decreased during overfeeding, independent of changes in body composition, and whether intake of protein affected change in activity.
Previously, energy efficiency has been implicated in body weight gain with overfeeding (2, 25); thus we tested whether V O2 was correlated with any physical activity parameter. The correlations between V O2 peak and change in physical activity measurements were established using a Pearson bivariate correlations procedure. Also, the correlations between baseline physical activity parameters and baseline body weight and change in physical activity parameters and change in body weight were established using a Pearson bivariate correlation procedure, and change in fat mass was controlled when a Pearson partial correlation was performed. Also, correlations between the change in physical activity parameters and the residual for TDEE using a Pearson bivariate correlation procedure were performed. Alpha was set at 0.05, and the Tukey-Kramer adjustment was used for pairwise comparisons. All analyses were conducted with the SAS version 9.2 software package (SAS Institute, Cary, NC) by biostatistician (HH).
RESULTS
Descriptive characteristics of the study sample. Baseline characteristics by group are reported in Tables 1 and 2 Treatment by time and treatment effects. Change in activity for each diet group is reported in Table 3 . There were no significant dietary treatment by time interactions or dietary treatment differences for any of the variables examined (i.e., AEE, AREE, %time active in the metabolic chamber, and SPA are expressed as kcal/day). The figures present data by treatment and time, and the results below and also in the figures represent overall change in activity collapsed across the three protein diet groups (Figs. 1, A, C , and E, 2, A, C, and E, and 3, A and C).
AEE by accelerometry. VM by accelerometry increased by a significant 30% during overfeeding (F ϭ 6.72, P Ͻ 0.0001; Fig. 1B) . AEE by accelerometry increased significantly during overfeeding both before (F ϭ 6.84, P Ͻ 0.0001; Fig. 1D ) and after (F ϭ 3.48, P ϭ 0.01; Fig. 1F ) adjusting for change in body composition (fat and fat-free mass).
Percent activity and SPA in the metabolic chamber. Overall, percent activity while confined to the metabolic chamber increased significantly during overfeeding (F ϭ 6.14, P ϭ 0.001; Fig. 2B ). Percent activity did not change significantly between days 1 and 14. Percent activity was increased on day 57 compared with days 1 and 14. Percent activity increased from day 14 to day 56. The increase in percent activity on day 57 tended to be larger than day 56.
SPA increased significantly during overfeeding (F ϭ 3.15, P ϭ 0.03; Fig. 2D ), although the change in SPA was no longer significant after changes in body composition (fat and fat-free mass) were considered (F ϭ 0.10, P ϭ 0.96; Fig. 2F) .
AREE by DLW. AREE by doubly labeled water increased by 206 Ϯ 78 kcal/day during overfeeding (t ϭ 2.66, P ϭ 0.015) after adjusting for changes in body composition (fat and fat-free mass).
Body weight, physical activity, and V O 2 peak . Baseline body weight was positively correlated with baseline AEE and SPA (AEE: r ϭ 0.68, P ϭ 0.001; SPA: r ϭ 0.74, P Ͻ 0.0001), but baseline body weight was not correlated with baseline VM or percent activity (data not shown).
At week 8, change in VM and change in AEE were positively correlated with weight gain (VM: r ϭ 0.42, P ϭ 0.06; AEE: r ϭ 0.55, P ϭ 0.011; Fig. 3B ). When change in fat mass was controlled, change in VM and change in AEE remained positively correlated with weight gain (VM: r ϭ 0.59, P ϭ 0.016; AEE: r ϭ 0.71, P ϭ 0.002). However, changes in percent activity, SPA, and AREE were not correlated with weight change even when controlling for change in fat mass. Finally, residuals from TDEE were positively correlated with SPA (r ϭ 0.58, P ϭ 0.007; Fig. 3D ). AEE was not significantly correlated with residuals from TDEE (P ϭ 0.30). Data are means Ϯ SE. VM, vector magnitude; SPA, spontaneous physical activity; DLW, doubly labeled water (9-day doubly labeled water period); AREE, activity-related energy expenditure.
V O 2 peak at baseline did not significantly correlate with change in any measure of physical activity (data not shown).
DISCUSSION
This study indicates that during overfeeding in the confinement of an inpatient unit, activity increases, but the changes in activity are not influenced by different levels of dietary protein.
It is notable there were differences in adaptive thermogenesis among the three diet groups, as reported in the primary analysis (5), but no differences in movement, physical activity, or energy expenditure were found between the diet groups within the present analyses. VM as well as AEE and AREE were significantly increased by overfeeding even after adjusting for the changes in body composition. Though slightly less evident, although activity was restricted to the metabolic chamber, percent activity and SPA were significantly increased with overfeeding. Weight gain was positively associated with change in activity measured daily with accelerometry (VM and AEE) with and without controlling for change in fat mass. These results support the hypothesis that weight gain is associated with an increase in activity, but in the present overfeeding study the increase in activity is not likely effective at attenuating weight gain. These data also suggest that changes in sleeping metabolic rate (SMR), resting metabolic rate (RMR), and/or TEF are presumably accounting for the treatment differences in total energy expenditure found in the main outcomes study by Bray et al. (5) .
Our results are similar to Levine et al. (14) , who found that SPA (or NEAT, as they described it) increased with 1,000 kcal overfeeding for 8 wk with a diet comprised of 40% carbohydrate, 40% fat, and 20% protein. The similarities between our findings are not surprising since the calculations that we used to compute AREE were similar. Levine utilized RMR and estimated TEF with DLW, whereas we utilized SMR and actual TEF from the chamber for our evaluation to include the important differences in TEF associated with the macronutrient composition of our three study diets. Levine et al. (14) did not detect a significant change in activity with accelerometry, although in our study we did find that VM and AEE by accelerometry increased during overfeeding. It is possible that the Caltrac accelerometers used in the Levine et al. (14) study were not sensitive enough to determine changes in physical activity from baseline to week 8 (20) . In addition, the participants in study by Levine et al. (14) were free-living and not confined to an inpatient unit or a metabolic chamber. The results of the present study also indicate that increased activity was also detected in the confines of a respiratory chamber.
Hamilton (8) proposed that ϳ20% dietary protein was the most metabolically efficient, with 20% dietary protein requiring the lowest heat increment. Originally, it was proposed that lower dietary protein intake decreases metabolic efficiency (8) by increasing diet-induced thermogenesis (through futile cycles) and nonshivering thermogenesis (30) . As stated, we did not detect differing levels of physical activity among the dietary protein treatments. However, based on least squares means from accelerometry and chamber data, the normalprotein diet (15%) increased from baseline. The lack of a treatment difference was not hypothesized, since total energy expenditure was increased in the normal-and high-protein diet groups but not the low-protein diet group, and similarly, we observed differences in adaptive thermogenesis between the diet groups in our primary analysis (5). Furthermore whereas there was no differential increase in fat mass among treatment groups, lean body mass was increased in the normal-and high-protein diet groups but not the low-protein diet group. This finding suggests that the body mass differences are likely not traditional healthy lean body mass (i.e., muscle and water) but instead are comprised of extracellular matrix and other structural proteins supporting adipose tissue expansion (32) and even possibly liver proteins. Our results are similar to others. For example, Joosen et al. (9) found no differences in physical activity TDEE when healthy females were overfed 150% of energy requirements with 7% dietary protein for 2 wk, and there were no differences in metabolic efficiency. Thus, in adult humans the hypothesis of greater activity with low Data are means Ϯ SE and 95% confidence intervals (CI). AEE, activity energy expenditure. †Adjusted for change in body composition (energy stores; fat and fat-free mass); *change values that are significantly different from 0 at P Յ 0.05. dietary protein has not been supported, as originally hypothesized by Stock (30) .
The short-term physical activity estimates during and following overfeeding from accelerometry and the metabolic chamber relate to previous shorter-term overfeeding studies. After overfeeding 140% of energy for 2 days, when energy expenditure was clamped, participants reduced their step count and increased lying time and sleep on the next day of ad Values are means Ϯ SE represented by vertical bars; VM counts based on treatment group from baseline. The low-protein diet (5%) VM did not increase from baseline. The normal-protein diet (15%) VM increased from baseline at weeks 5-8. The high-protein diet (25%) VM increased from baseline at weeks 3, 5, 7, and 8. B: collapsed across groups, VM counts increased from baseline. C: AEE based on treatment group from baseline. Low-protein diet (5%) AEE did not increase from baseline. Normal-protein diet (15%) AEE increased from baseline at weeks 5-8. High-protein diet (25%) AEE increased from baseline at weeks 5, 7, and 8. D: AEE, collapsed across groups, increased during overeating. E: after adjusting for change in body composition, AEE based on treatment group from baseline. Low-protein-adjusted AEE (5%) did not increase from baseline. Normal-protein-adjusted AEE (15%) increased at weeks 5-8. High-proteinadjusted (25%) AEE increased at weeks 3, 5, 7, and 8. F: AEE collapsed across groups increased from baseline during weeks 7 and 8, which were were higher than weeks 2, 4, and 6, after adjusting for change in body composition. Values with a different letter are different at P Ͻ 0.05. *Change values that are significantly different from 0 at P Յ 0.05. libitum feeding, during which time energy expenditure and activity were free to vary (1). Similar results have been found in other studies in individuals prone to obesity (27) . These results suggest that participants may actually decrease AEE following short-term overfeeding, as was found with the nonsignificant reduction in VM during the first 2 wk in our study. Our findings with longitudinal measures of activity show that it may take weeks to detect increased activity in response to overfeeding. However, not all studies are in agreement since a decrease in physical activity has been observed after 6 wk of overfeeding (19) .
SPA, before being adjusted for change in body composition, increased during overfeeding, as expected. However, after adjustment, SPA did not change significantly during overfeeding. SPA accounted for ϳ30% of the variability in adaptive thermogenesis in the main study demonstrated by TDEE residuals (5). The study by Diaz et al. (7) that found an increase in TDEE in a chamber was not adjusted for change in body Fig. 2 . Change in %activity, spontaneous physical activity (SPA), and SPA adjusted for change in body composition measured in a metabolic chamber. Values are means Ϯ SE represented by vertical bars. A: %activity based on treatment group from baseline. B: %activity increased from baseline following overeating while on the baseline weight maintenance diet (day 57). Also, %activity differed across time points. C: SPA based on treatment group from baseline. D: SPA increased from baseline on days 56 and 57, and day 56 was different from days 1 and 14 but not different from day 57. E: SPA based on treatment group from baseline after adjusting for change in body composition. F: after adjusting for change in body composition, SPA was not increased from baseline or different across time points. *Change values that are significantly different from 0 at P Յ 0.05. Values with a different letter are different at P Ͻ 0.05. composition. To our knowledge, this was the only other longterm study that measured physical activity in a metabolic chamber. Energy expended in activity measured by both accelerometry and DLW increased in response to overfeeding. Tremblay et al. (33) reported from the Bouchard overfeeding study that increased energy intake in young men for more than 100 days resulted in a ϳ345 kcal/day (131 MJ over 84 days) increase in total energy expenditure. However, not all studies have found similar results. As referenced previously, in a Ն60-day study by Pasquet et al. (19) , physical activity (based on time allocation survey, movement recording electric device, and AREE by DLW) decreased according to all three metrics. Also, Norgan and Durnin (17) found no increase in total energy expenditure with 42 days of overfeeding in six young men. Most but not all previous studies have found that SPA increases during overfeeding.
Physical activity is influenced by genetics, lifestyle, and the environment. Black et al. (3) have shown that physical activity levels varied two-to threefold in humans through DLW analysis, but this was not during overfeeding. Bouchard et al. (4) found high intraclass correlation coefficients in body weight gain in identical male twins. The variance in physical activity among subjects may help account for the disparate results of the present and past studies since individuals have a high variability in intraindividual energy expenditure.
This study had numerous strengths, including a randomized distribution of participants to an inpatient unit with a controlled diet provided by a research kitchen. Furthermore, we have five 24-h metabolic chamber assessments, daily accelerometry, and DLW to examine the effects of dietary protein content during overfeeding on physical activity. One possible study limitation was that muscle or exercise efficiency was not measured. Finally, the methods used to calculate SPA in the metabolic chamber may affect results for the calculation of AEE.
In conclusion, we observed that overfeeding produces an increase in physical activity and an increase in calories expended in physical activity after adjusting for changes in body composition. This effect is less robust when habitual movement is further confined to the metabolic chamber. Increased SPA explains part of the adaptive thermogenesis in individuals during overfeeding.
